Dynamic light scattering was used to study the dynamic structure factor, S(q, t), of suspensions of charged colloidal silica spheres over the full colloidal time range. We show that a dynamic scaling relation for S(q, t) found by Segrè and Pusey (PRL 77, 771 (1996)) for hard spheres, relating longtime and short-time dynamics, and collective and self-diffusion, applies also to charged colloids up to the freezing concentration. The universality of this scaling is analyzed theoretically. Our experimental data confirm dynamic freezing criteria proposed for the long-time self-and cage diffusion coefficients, and a theoretical prediction for the self-diffusion coefficient.
The dynamics in suspension of charged colloidal particles undergoing correlated Brownian motion is of fundamental interest and the subject of ongoing experimental and theoretical research [1] [2] [3] [4] [5] [6] [7] . A rich variety of charge-stabilized colloids are encountered in chemical industry, biology and food science. While the static properties of colloids resemble that of atomic liquids, their dynamics is diffusive rather than ballistic. From the theoretical viewpoint this poses a challenging many-body problem where both direct electrosteric and solvent-mediated hydrodynamic interactions (HIs) need to be considered.
Information on the dynamics of colloidal particles is embodied in the dynamic structure factor, S(q, t), which describes the dynamics of spatial Fourier components of thermal fluctuations in the number density as a function of correlation time t and scattering wavenumber q. It can be determined by dynamic light scattering (DLS) [1, 8] and X-ray photon correlation spectroscopy [4, 6] . From the knowledge of S(q, t) in the colloidal time range, a deeper insight into transport properties such as diffusion coefficients and viscoelastic quantities [9] is obtained, in the fluid state and at crystallisation [10] and vitrification points [11] .
Short-time dynamic properties of charged colloids are now rather well understood thanks to detailed scattering experiments [12] and elaborate computer simulations [13] . In contrast to this, a lot remains to be learned about the long-time dynamics.
A comprehensive study on the dynamics of suspensions of neutral hard spheres was made by Segrè and Pusey using two-color DLS [14] . They measured the S(q, t) of hard spheres in the whole fluid concentration regime, for the full span of correlation times. The key finding of their study is that the normalized dynamic structure factor, f (q, t) = S(q, t)/S(q), of hard spheres of radius a is well approximated for q > 2.5/a including the principal peak of S(q), by the scaling relation [14] 
Here W (t) = ∆r 2 (t) /6 is the mean-square displacement of a particle with initial and longtime slopes equal to, respectively, the short-time and long-time self
is the short-time diffusion function proportional to the hydrodynamic function, H(q), which reflects the influence of HIs. The single-particle diffusion coefficient is denoted by d 0 . The Segrè-Pusey factorization suggests that density relaxations at non-small wavenumbers are controlled by self-diffusion.
Eq.
(1) assumes that the q and t dependence of log f (q, t) can be factorized. It reproduces the limiting small-q and large-q behavior of f (q, t), namely f (q
Here, q m ≈ 3.5/a is the locus of the principal peak of the hard-sphere S(q). The large-q form is valid for negligible non-Gaussian corrections, important in particular near a glass transition point. Measuring f (q, t) for q > 2.5/a should give a q-independent master master curve equal to
is plotted versus t. Moreover, a single-exponential decay,
predicted for long times and q > 2.5/a, with a long-time diffusion function
An empirical rule for the onset of freezing by Löwen et al. [10] states and the electric field autocorrelation function g 1 (q, t) ∝ S(q, t) was determined from g 2 (q, t) using the Siegert relation. We have checked that there is no noticeable multiple scattering in our system.
We will show that our results for D S (q) and d S deduced from S(q, t) are in good agreement with theoretical predictions for low-salt systems of strongly repulsive charged particles [13, 17, 18] . Moreover, our data at the crystallization point confirm two dynamic criteria rescaled mean spherical approximation (PBRMSA) scheme [19] . This analytic scheme gives accurate structure factors, as shown recently by in an extensive comparison with simulation data, and results from the similarly accurate but numerically far more costly Rogers-Young scheme [20] . The only adjustable parameter in this scheme is the effective particle charge in the Derjaguin-Landau-Verwey-Overbeek (DLVO) screened Coulomb potential, determined as 175e from fitting the experimental peak height. The good agreement between calculated and experimental S(q) holds for all investigated concentrations. According to Fig. 1, f (q, t) and g 2 (q, t) of strongly correlated particles decay initially exponentially, followed by a nonexponential decay at intermediate times, and an approximately exponential slower decay at long times. Like for the PMMA suspension studied earlier [14, 21] , we have deduced the A discussion is in order here on the validity of the factorization scaling, and the existence of the exponential long-time mode in f (q, t) as its necessary prerequisite. The occurrence of a long-time mode and its q dependence were explored theoretically by Cichocki and Felderhof [23, 24] , for dilute to moderately dense hard-sphere systems without HIs. They analyzed the spectral distribution function, p q (λ) ≥ 0, of relaxation modes, describing the strictly monotonous decay of f (q, t), for its dependence on the relaxation rates λ. Using a contact Enskog approximation (CEA) exact to first order in φ, they showed that for S(q) sufficiently large at the considered q, the long-time decay of f (q, t) is dominated indeed by an exponential long-time mode. This mode arises from an isolated delta peak contribution to p q (λ), located in a low λ gap, where the continuous part of p q (λ) is zero. As explained in [23, 24] , the associated coefficient D L (q) relates to the center of mass diffusion of a pair of particles. At a wavenumber different from q m where S(q) is small, e.g., near to the first minimum in S(q) to the right of q m , the delta peak can mold with the continuous part of the spectrum, but still some pronounced peak in p q (λ) may remain. If sufficiently strong, this peak describes approximately a long-time exponential mode. Quite interestingly, the ratio D L (q)/D S (q) obtained in CEA using that D S (q) = d 0 /S(q) for zero HIs, varies significantly as a function of q [24] .
The feature of a long-time mode for hard spheres without HIs, observed for φ ≥ 0.2 [25] where S(q m ) is sufficiently large, should survive to a decent approximation when particles with soft interactions, and many-body correlation effects not accounted for in the CEA are considered. Indeed, mode coupling theory (MCT) calculations without HIs predict a longtime mode both for charge-stabilized spheres with strong electrostatic interactions, and dense hard-sphere systems [25] . Again, no sharp long-time mode occurs when the system is too weakly structured, and when S(q) at the considered q is too small (see also Fig. 1 ).
We expect that HIs cause no qualitative changes. However, the earlier experimental findings for neutral PMMA spheres and our present data for charged silica spheres suggest that The long-time self-and cage diffusion coefficients decrease in general monotonically with increasing φ, to an extent depending on interaction parameters such as salinity and particle charge. For a discussion of their generic behavior, our data for core-shell particles [32] , where dynamic differences to rigid particles arise mainly from the solvent permeability and the correspondingly weakened HIs. A strong interplay of the intraand inter-particle dynamics can be expected for very soft and flexible particles such as the soft giant micelles studied in [33] , which might severely affect dynamic scaling. To explore this interplay will require more theoretical and experimental work.
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